An increase in photosynthetic activity of the northern hemisphere terrestrial vegetation, as derived from satellite observations, has been reported in previous studies. The amplitude of the seasonal cycle of the annually detrended atmospheric CO2 in the northern hemisphere (an indicator of biospheric activity) also increased during that period. We found, by analyzing the annually detrended CO2 record by season, that early summer (June) CO2 concentrations indeed decreased from 1985 to 1991, and they have continued to decrease from 1994 up to 2002. This decrease indicates accelerating springtime net CO2 uptake. However, the CO2 minimum concentration in late summer (an indicator of net growing-season uptake) showed no positive trend since 1994, indicating that lower net CO2 uptake during summer cancelled out the enhanced uptake during spring. Using a recent satellite normalized difference vegetation index data set and climate data, we show that this lower summer uptake is probably the result of hotter and drier summers in both mid and high latitudes, demonstrating that a warming climate does not necessarily lead to higher CO2 growing-season uptake, even in high-latitude ecosystems that are considered to be temperature limited.
V
ariations in the terrestrial photosynthetic activity strongly control the land carbon cycle, which in turn affects the growth rate of atmospheric CO 2 . An increasing trend in the satellite-derived normalized difference vegetation index (NDVI) of the northern hemisphere was reported in earlier studies (1) (2) (3) and became known as ''the greening trend.'' The NDVI is related to the fraction of photosynthetic active radiation absorbed by plants (4) and thus to photosynthetic activity. Net primary productivity (NPP) estimated with a model driven by the NDVI and climate also showed an increasing trend (5) . The seasonal amplitude of atmospheric CO 2 (an indicator of biospheric activity) was observed to have increased over the same period and was linked to the increase in northern hemisphere photosynthetic activity (1) . The trend in extratropical terrestrial photosynthetic activity has been mainly attributed to an observed warming trend (1) . Additional contributions to the trend include increased precipitation (6) , improvement in agricultural practices, and forest regrowth (7) . The contributions of CO 2 fertilization and nitrogen fertilization to the photosynthetic activity trend were probably small (7, 8) , and changes in radiation were probably only important in the tropics (5) .
In the current study, we examine the trends in the CO 2 uptake in two seasons, spring and summer, and in two periods, up to 1991 and from 1994 [thereby skipping 1992 and 1993, which were influenced by the Mount Pinatubo eruption and are discussed elsewhere (9) ]. The trends in these two periods will be assessed from changes in the atmospheric CO 2 seasonal cycle and will be compared to the changes in photosynthetic activity indicated by a new NDVI data set [Global Inventory Modeling and Monitoring System (GIMMS), version G].
Methods

CO2 Data.
We evaluated changes in two indicators related to the seasonal cycle of CO 2 from the annually detrended atmospheric CO 2 concentration time series. The first is the atmospheric CO 2 concentration in early summer (June), which is indicative of net CO 2 uptake (photosynthesis CO 2 uptake minus the CO 2 release from heterotrophic respiration and biomass burning) in spring. The second indicator is the CO 2 seasonal minimum concentration, which is reached in late summer and indicates net CO 2 uptake during the growing season (March through August). These two indicators will be referred to onward as ''net spring CO 2 uptake'' and ''net growing-season CO 2 uptake,'' respectively. They have been calculated after Thoning et al. (10) by using monthly zonal concentrations from the GLOBALVIEW (11) ''reference marine boundary layer matrix'' (12) from 1985 onward [when the number of operating CO 2 stations was sufficient to allow robust study of interannual variations (13) ]. The values of the two indicators were then averaged for the entire northern hemisphere extratropics (Ͼ20°N).
Satellite Data. In this study, we used the GIMMS version G NDVI data set on 1°ϫ 1°spatial resolution and monthly temporal resolution from 1982 to 2002 (14) (available from http:͞͞ glcf.umiacs.umd.edu͞data͞gimms͞). Improved techniques were introduced to reduce NDVI variations from atmospheric, calibration, view geometry, and other effects not related to actual vegetation change. Pixels with a mean monthly NDVI value below 0.05 were masked for the relevant month. NPP Estimate. NPP was estimated by the Carnegie Ames Stanford Approach (CASA) model (15) by using monthly interannual NDVI (GIMMS version G), temperature (16) and precipitation (17) data with climatological radiation fields (18) .
Climate Data. Temperature anomalies are from the GISS dataset (19) . Regional mean temperature trends are weighted by annual NPP calculated from the CASA model (15) to focus on the vegetated areas. Precipitation data (17) were expressed as the 3-month Standardized Precipitation Index, which correlates well with NDVI anomalies (20) . The Palmer Drought Index is a standardized measure of surface moisture conditions that integrate moisture supply (precipitation) and demand (which depends on temperature), and it was calculated from these observed parameters by Dai et al. (21) .
Results and Discussion
Seasonal Net CO2 Uptake Trends. The variations in the net spring and growing-season CO 2 uptakes are shown in Fig. 1 (trend statistics are given in Table 1 ). The net spring CO 2 uptake shows an increasing trend, in both the 1985-1991 period and the 1994-2002 period (r ϭ 0.61 and 0.67, respectively). This trend coincides with a positive trend in spring temperature (r ϭ 0.73 and 0.64 for the two periods, respectively). The significant correlation (Fig. 1a) between the spring uptake and temperature (r ϭ 0.85, P ϭ 10 Ϫ5 ) for the entire study period (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) indicates that the increasing trend in the spring uptake was driven by temperature.
The years 1992 and 1993 were characterized by global cooling, resulting from the volcanic aerosol cloud emitted by the Mount Pinatubo eruption in June 1991 (19) . This cooling reduced spring and summer CO 2 uptakes (Fig. 1) . Other anomalies in the carbon cycle in these years are discussed elsewhere (9) .
The net growing-season CO 2 uptake (Fig. 1b) shows an increasing trend (r ϭ 0.75) in the 1985-1991 period, coincident with the growing-season temperature trend (r ϭ 0.88) (Fig. 1b) . This growing-season uptake trend, as well as the spring uptake trends, agrees well with the results of previous studies (1, 22) . In contrast, growing-season CO 2 uptake did not increase (r ϭ 0.04) in the period 1994-2002, despite a positive temperature trend (r ϭ 0.66). The net growing-season CO 2 uptake for the entire period (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) is only poorly correlated with growingseason temperature (r ϭ 0.27).
Interannual variations in atmospheric transport have been shown to be responsible for a high fraction of the interannual variations in the CO 2 seasonal amplitude recorded at the monitoring sites (23) . However, the averaging of seasonality variations over large regions, which was done in this study, removes a large part of the transport effects. This result is demonstrated by comparing the measured CO 2 seasonality to that simulated (24) by an atmospheric transport model driven by interannual changing winds and constant sources. This comparison shows that although interannual transport variations are correlated with changes in CO 2 seasonality, the magnitude of transportinduced variations is considerably smaller. For example, the contribution of interannual transport to the 1986-1990 decrease in the extratropical minimum CO 2 concentration was only 25% of the observed change. Thus, the lack of a 1994-2002 positive trend in the growingseason uptake is most likely not the result of a transport effect and represents a true biospheric response. The lack of any trend in the growing-season uptake, despite the positive trend in the spring uptake, indicates a decrease in summer uptake. Such decrease in summer uptake is the opposite of what may be expected given a warming trend alone (which is expected to enhance photosynthesis). One possible explanation is the drought stress effect on photosynthesis. Indeed, the net growingseason uptake for the entire study period (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) ) is corre- The year 1985 is when the number of operating CO2 stations was sufficient to allow robust study of interannual variations. Positive temperature trends are evident in both time periods and evident for both spring and the entire growing season. Net growing-season CO 2 uptake goes from a positive trend in the early period to a stalling in the late period, whereas net spring uptake increased in both periods. lated with the precipitation index (the 3-month Standardized Precipitation Index, not plotted) of the summer months (r ϭ 0.56, P ϭ 0.06). To investigate better the competing effects of temperature and soil-moisture availability on photosynthesis, we turn to an analysis of the NDVI trends, with emphasis on the spatial distributions, in the northern hemisphere.
NDVI Trends. Summer trends. The extratropics (Fig. 2 and Table 2) show an increasing summer [June, July, and August (JJA)
The spatial distributions of the summer NDVI linear trends for 1982-1991 and for 1994-2002 were analyzed and compared with the spatial distribution of the summer temperature linear trends for the same periods (Fig. 3) . For 1982-1991, the summer NDVI trend map shows widespread greening (Fig. 3a) , associated with warming ( Fig. 3c) , as reported previously (1) . In contrast, during the period from 1994 to 2002, the summer NDVI trend was negative (''browning'') in most areas of North America and Eurasia (Fig. 3b) , except some of the coldest parts of these continents, which continue to exhibit a greening trend. Comparison to the temperature trends map (Fig. 3d) shows that the 1994-2002 greening in the coldest areas of Eurasia is explained by a warming trend, whereas the browning present in some areas of Canada and Alaska is explained by cooling. However, browning is also present in some large mid-and high-latitude areas that actually warmed from 1994 to 2002 (colored areas in Fig. 3e ). The browning in most of these areas is explained by drier summers, as indicated by the Palmer Drought Index (Fig. 3e) , which shows more negative (drier) values in much of the region that browned. The increase in summer drought is mainly driven by lower local precipitation, but it is also affected by increased evapotranspiration demand for moisture driven by the increases in temperature. The drought effects are obvious not only in the middle latitudes, where recent drought effect on NDVI were reported (25) , but also in northern Europe. Thus, summer drought plays a major role in the control of photosynthesis in both middle and high latitudes. This result is supported by a study, conducted in an inland boreal forest site in Alaska, which found a negative correlation between summer with r and P values in parentheses) in the extratropical spring (MAM) and summer (JJA)  temperatures, and in NDVI (in NDVI units͞year) during spring and summer, for the two Positive temperature trends are evident in both time periods, and for both seasons. Summer and spring NDVI goes from a positive trend in the early period to a stalling in the later period.
temperature and tree productivity and associated it with summer drought (26) .
Some northern areas of Canada and Alaska that did not warm during the 1994-2002 period show a greening, but this finding can be explained by a previous warming (the 1982-1991 trend), which can have a long-term effect on plant growth through permafrost melting (27) . It should be noted that changes in the observed NDVI can result not only from direct climate effects, but also from changes in the frequency of forest fires (which will be higher in hotter and drier summers), outbreaks of insectcaused tree death, and changes in management practices.
To check the statistical significance of the summer NDVI trends shown in Fig. 3 a and b, we have used the Page's nonparametric trend test, which is designed to deal with relatively short time series [10 years (1982-1991) [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] ]. To use the spatial coherence of the trends evident in Fig. 3 , we have divided the NDVI data set into 3°ϫ 3°r ectangles, and we performed the trend test on each nine-pixel group contained in a rectangle. The trend test showed (Fig. 4a) that the 1982-1991 NDVI trend is significant (r Ͼ 0.8) over the large land areas that showed pronounced greening in Fig. 4a . The 1994-2002 stalling and reversal of the NDVI trend were also confirmed by the trend test (Fig. 4b) , with strong negative correlations (r Ͻ Ϫ0.8) in the areas that showed the most pronounced browning in Fig. 3b .
The halt in the extratropics summer NDVI trend indicates a halt in the increase of photosynthetic activity. Indeed, summer NPP estimated by CASA from the NDVI data shows a halt and even some reversal of the NPP trend in 1994-2002 (r ϭ Ϫ0.38). This halt or reversal is probably the main cause for the halt in the net growing-season CO 2 uptake trend discussed above. The climate perturbations most likely influenced heterotrophic respiration (R h ) as well, although the data are insufficient to determine the change in R h resulting from the competition between warming and drought stress. Evidently, the decreased NPP dominated changes in R h , in contrast to some local scale studies that found that the effect of water stress on R h is bigger than the effect on NPP (28, 29) . Another possible contribution to the decrease in net CO 2 uptake is a drought-driven increase in boreal biomass burning. Indeed, interannual variations in biomass burning were shown recently to have a considerable magnitude (30, 31) . Spring trends. The extratropics spring [March, April, and May (MAM)] NDVI ( Fig. 2 and Table 2 ) shows an increasing trend (r ϭ 0.79) in the 1982-1991 time period, in parallel with the spring temperature trend (r ϭ 0.80). However, no positive NDVI trend (r ϭ Ϫ0.17) is obvious in the 1994 -2002 period despite a spring warming trend (r ϭ 0.64). These mean extratropics trends were studied in more detail by a spatial analysis (Fig. 5) .
The spatial analysis shows spring greening over broad areas (Fig. 5a ) in the period 1982-1991. This greening is probably at least partly related to the broad scale warming that took place at this period over most of the northern hemisphere (Fig. 5c) . A warming trend is also obvious over large areas in the 1994 -2002 period (Fig. 5d) . However, other broad areas in North America and Eurasia show pronounced cooling. The local spring NDVI trends in the latter period (Fig. 5b) , also mostly follow local temperature, with greening in the warming areas and browning in the cooling ones. In Fig. 5e , we show the Palmer Drought Index for areas in which NDVI decreased in the second period despite an increase in temperature. Most of these areas show lower Palmer Drought Index in the second period, as was the case with the summer trends. In contrast to the summer, droughts in spring seem to affect only midlatitude areas.
To confirm the robustness of the spring NDVI trends, we preformed Page's nonparametric trend test, which was also preformed for the summer trends. Similar to the summer trends, the statistical analysis of the spring trends (not shown) found significant trends (r Ͼ 0.8) in the areas that showed pronounced greening or browning. The lack of a hemispheric extratropic spring NDVI trend from 1994-2002 complicates the explanation of the continuous increase in the net spring CO 2 uptake. It is possible that the rising spring temperature could have generated higher photosynthetic rates, even with fixed NDVI (and fixed fraction of photosynthetically active radiation), through its effect on the light use efficiency, although this is difficult to confirm. It is unlikely that the positive trend in spring uptake between 1994 and 2002 could have been caused by a reduction in heterotrophic respiration, as temperature has been rising since the previous decade. One possible explanation for this discrepancy between the CO 2 and satellite observations is snow effect on the spring NDVI. Growing-season trends. The mean growing-season (May through August) northern hemisphere (extratropic) NDVI (Fig. 6) shows the same increasing trend up to 1991 and stalling in the later years observed in the net growing season uptake (Fig. 1b) . The growing-season NPP, estimated by CASA from NDVI and climatic data, mostly follows NDVI and shows the same trends. This general agreement between NDVI, CO 2 uptake, and CASA estimated NPP supports the conclusion that there was a halt in the increase of photosynthesis activity in the northernhemisphere extratropics and an associated halt in the growingseason uptake.
Conclusions
Our work demonstrates that the net spring CO 2 uptake increased from 1994 to 2002, whereas net growing season uptake did not. These findings indicate a decrease in net summer uptake. We have shown that these opposing trends in summer and spring are probably related to a drought-induced reduction in summer photosynthesis, evident in both middle and high latitudes. Thus, warming does not necessarily lead to higher CO 2 uptake, even in temperature-limited, high-latitude ecosystems.
